Background and Purpose-Excitotoxic activation of glutamate receptors is currently thought to play a pivotal role in delayed neuronal death (DND) of highly vulnerable CA1 neurons in the gerbil hippocampus after transient global ischemia. Postischemic degeneration of these neurons can be prevented by "preconditioning" with a short sublethal ischemic stimulus. , and the dentate gyrus were analyzed in 2 experimental paradigms. Gerbils were subjected to (1) a 5-minute ischemic period resulting in DND of CA1 neurons and (2) a 2.5-minute period of ischemia mediating tolerance induction.
T ransient global ischemia of only 5 minutes' duration causes selective and delayed neuronal death (DND) of hippocampal CA1 neurons 3 to 4 days after recirculation. 1 According to current concepts, excitotoxic activation of various glutamate receptors is thought to play a key role in the induction of subsequent neuronal death (for review, see Lee and colleagues 2 ). DND can be prevented by a great number of preconditioning stimuli such as brief ischemic periods, spreading depression, potassium-induced depolarization, chemical inhibition of oxidative phosphorylation, and exposure to excitotoxins and cytokines (for review, see Dawson and Dawson 3 ). The molecular basis of ischemia tolerance induction, however, is not yet understood. Both DND and tolerance induction can be prevented by pharmacological blockade of various excitatory glutamate receptors. 4 -6 On the other hand, pharmacological stimulation of the ␥-aminobutyric acid (GABA)-ergic system has been shown to protect vulnerable CA1 neurons against ischemic damage (for review, see Schwartz-Bloom and Sah 7 ). Therefore, besides the induction of several genes coding for proteins thought to be involved in neuroprotective mechanisms, 8 changes in the postischemic expression, abundance, and function of neurotransmitter receptors may also contribute to the acquired ischemia resistance of hippocampal CA1 neurons.
The present study was designed to address the question of whether ligand binding to excitatory and/or inhibitory neurotransmitter receptors is specifically regulated after a 2.5-minute period of ischemia, usually used to induce ischemia tolerance. Therefore, postischemic receptor binding activities of [ 3 H]MK-801 and [ 3 H]␣-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA) to excitatory N-methyl-D-aspartate (NMDA) and AMPA receptors as well as [ 3 H]muscimol to inhibitory GABA A receptors were analyzed after both 2.5 and 5 minutes of global ischemia in hippocampal subfields CA1, CA3, and the dentate gyrus (DG).
Materials and Methods

Animal Experiments
Experiments were performed on adult male Mongolian gerbils (Meriones unguiculatus; weight, 70 to 80 g) obtained from Charles River Deutschland (Sulzfeld, Germany). Animals had free access to food and water before experiments. Gerbils were subjected to transient forebrain ischemia by bilateral occlusion of the common carotid artery. Ischemia was induced according to the protocol of Kirino and colleagues. 9 Anesthesia was achieved with a mixture of 30% O 2 , 70% N 2 O, and 1.5% halothane. Two experimental groups of animals were investigated. One group was subjected to global ischemia of 5 minutes' duration, resulting in DND of hippocampal CA1 neurons. A second group was subjected to a short ischemic period of 2.5 minutes, which we normally use for ischemia tolerance induction. 10, 11 Control gerbils (nϭ8) were subjected to a sham operation consisting of anesthesia and all surgical procedures, except clamping of the carotid arteries. At the determined end point of the experiment, ie, 30 minutes, 8 hours, 24 hours, 48 hours, and 96 hours after reperfusion (nϭ4 to 5 per time point), animals were decapitated, and brains were rapidly removed, frozen in isopentane at Ϫ30°C for 10 minutes, and stored at Ϫ80°C until analysis. Coronal cryostat sections of 12-m thickness were serially cut at Ϫ20°C at the level of the dorsal hippocampus and mounted on triethoxysilylpropylamine-coated slides. All animal procedures were performed according to the guidelines of the German animal protection law.
Neuropathological Evaluation
Neuronal densities of hippocampal CA1 and CA3 pyramidal layers as well as of the DG granule cell layer were quantitatively assessed at 48 and 96 hours after reperfusion and in sham-operated animals by labeling neurons with a monoclonal antibody against the neuronal marker protein NeuN (dilution 1:2000), as previously described. 11 Briefly, immunoreactivity was visualized with the use of the avidinbiotin complex method (Vectastain, Vector Laboratories). Sections were developed in 0.02% diaminobenzidine with 0.02% hydrogen peroxide. The reaction product was intensified by addition of 0.02% cobalt chloride and nickel ammonium sulfate. Hippocampal subfields CA1, CA3, and DG of both hemispheres were scanned at a magnification of ϫ300. Two sets of 3 adjacent regions per area per hemisphere were recorded, averaged, and expressed as mean cell number per square millimeter ("neuronal density"). All data were statistically analyzed with the use of the general statistics module of Analyze-it for Microsoft Excel (Analyze-it Software, Ltd). Values were expressed as meanϮSEM. Significant group effects were confirmed by ANOVA and Bonferroni error protection, with a significance level at PϽ0.05. , respectively. Then autoradiographies were scanned in equal light conditions with a DMC video camera (Polaroid) and digitized with the AIS image analysis system (Imaging Research Inc). Gray value images of the coexposed plastic standards were used to compute a nonlinear calibration curve, which defined the relationship between gray values in the autoradiographs and concentrations of radioactivity. Plastic standards were calibrated to tissue standards with known concentration of radioactivity. Final values are expressed as femtomoles per milligram tissue (meanϮSEM).
Receptor Autoradiography
Quantitative analysis of radioactivity was performed in hippocampal subfields CA1 and CA3 within the dendritic strata oriens and radiatum as well as in the pyramidal cell layer. In the DG, ligand binding was analyzed in the dendritic stratum moleculare and in the granule cell layer. To this end, the respective region was marked on the monitor, and the gray values were automatically assessed by the imaging software. In all cases, nonspecific binding was just above the background labeling or not visible at all. Therefore, background density could be used as an estimate of nonspecific binding and subtracted from total binding.
Statistical analysis was performed with the general statistics module of Analyze-it for Microsoft Excel (Analyze-it Software, Ltd). For each ligand, reperfusion time point, and hippocampal region, mean concentration values were calculated. Significant group effects were confirmed by ANOVA and Bonferroni error protection, with a significance level at PϽ0.05. 
Postischemic Neuronal Densities in Gerbil Hippocampus
Sommer et al Upregulation of GABA A Receptors After Short Ischemia
Results
Neuropathological Evaluation
Immunohistochemical analysis of NeuN-stained neurons in hippocampal subfields CA1, CA3, and DG at 48 and 96 hours after 5 minutes of global ischemia yielded a significant reduction of neuronal cell density only in the ischemic CA1 subfield after 96 hours compared with control gerbils (Table) . A preconditioning 2.5-minute period of ischemia did not result in significant changes in neuronal cell density in hippocampal subfields CA1, CA3, and DG (Table) .
Receptor Autoradiography
[ 3 H]MK-801 Binding
5-Minute Ischemia
In control gerbils, highest hippocampal [ 3 H]MK-801 binding values were present in stratum radiatum and stratum oriens of CA1, followed by stratum radiatum and stratum oriens of CA3, stratum moleculare of the dentate gyrus (DG), and the pyramidal and granule cell layer, respectively (Figure 1 ). This distribution pattern is in agreement with other studies investigating 
2.5-Minute Ischemia
5-Minute Ischemia
In control gerbils, highest binding values for [ 3 H]AMPA were detected in stratum pyramidale of CA1 and CA3 and in stratum granulare of the DG compared with dendritic layers of these hippocampal subfields (Figure 1 ), a regional distribution pattern corresponding to that published for rat hippocampus. 14 An ischemic period of 5 minutes' duration caused a significant reduction of [ 3 H]AMPA binding values as early as 30 minutes after reperfusion in stratum radiatum of CA1, followed by a recovery at 24 and 48 hours and a secondary decline at 96 hours (Figure 3) . In strata oriens and pyramidale of CA1, [ 3 H]AMPA binding densities were also significantly reduced at 96 hours after reperfusion. In stratum pyramidale of CA3, a delayed and significant reduction of 
2.5-Minute Ischemia
After an ischemic period of 2.5 minutes, a significant increase of [ 3 H]AMPA binding was present at 24 hours throughout all layers of CA1 up to 171% of binding values in control gerbils and was followed by a continuous decrease to minimal 69% at 96 hours after reperfusion, which was not significant (Figure 3 ). In the CA3 subfield, [ 
[ 3 H]Muscimol Binding
5-Minute Ischemia
In accordance with the literature, binding intensity of [ 3 H]muscimol was strongest in CA1, followed by DG and CA3 (Figures 4 and 5) . 12, 15, 17 In CA1, postischemic binding values were not significantly altered at any time point investigated. In CA3 and DG, [ 3 H]muscimol binding was also not significantly changed (Figures 4 and 5) .
2.5-Minute Ischemia
Apart from stratum pyramidale at 30 minutes after recirculation, a preconditioning ischemic period of 2. (Table) . A possible explanation for the transient upregulation in CA1 after a preconditioning 2.5-minute period of ischemia is an intracellular accumulation of AMPA receptor subunits, reflecting disturbances in the balance between endocytosis, reinsertion, and degradation. *Significant (ANOVA and Bonferroni error protection, with significance level at PϽ0.05). Abbreviations are as defined in Figure 2 .
Sommer et al
Upregulation of GABA A Receptors After Short Ischemiaminutes and 96 hours of reperfusion, with peak levels up to 234% of control levels at 8 hours (Figures 4 and 5 ).
Ratio Between Ligand Binding to Excitatory and Inhibitory Receptors
To obtain an impression of the balance between ligand binding to excitatory and inhibitory receptors in postischemic 
Discussion
Our present study demonstrates for the first time that a short 2.5-minute period of ischemia usually used to induce ischemia tolerance is associated with an increase of [ 3 H]muscimol binding to GABA A receptors in hippocampal CA1 neurons (Figure 4 ). Global ischemia of 5 minutes' duration and consecutive DND of CA1 principal neurons fails to enhance ligand binding to these inhibitory receptors (Figures 4 and 5) . Selective upregulation after 2.5 minutes of [ 3 H]muscimol binding also occurs in DG and CA3 (Figures 4 and 5) . These data suggest that activation of the GABAergic system may be an essential component in endogenous ischemia resistance. These findings are in accord with pharmacological neuroprotection of vulnerable CA1 neurons against DND after 5 minutes of global ischemia in gerbils by exogenous application of substances activating the GABAergic system, ie, GABA A receptor agonists, 18 GABA A receptor modulators, 19 -24 or GABA reuptake inhibitors. 25, 26 Since the phenomenon of ischemic preconditioning has also been observed in organs other than the brain, eg, the heart, 27 it would be unreasonable to assume that there are identical molecular mechanisms mediating tolerance induction. Although NMDA receptors have been shown to play a crucial role in preconditioning in the brain, 6 the heart lacks these receptors. Similarly, activation of the GABAergic system may be of great importance for endogenous ischemic neuroprotection in the brain, whereas other organs also able to induce ischemia tolerance are devoid of this receptor system. Therefore, multiple, partly organ-specific mechanisms may significantly contribute to the acquisition of ischemia resistance. The kinetics of [ 3 H]muscimol binding in the ischemia-resistant CA1 subfield with a transient increase between 8 and 48 hours after 2.5 minutes of ischemia (Figures 4 and 5) suggest that postischemic upregulation of the GABAergic system in CA1 neurons does not depend on de novo synthesis of receptor proteins, since 5 28 or 6 hours 29 after preconditioning, respectively, protein synthesis in CA1 is still virtually inhibited. Whether affinity of [ 3 H]muscimol binding sites is increased, receptor internalization by endocytosis is inhibited, 30 or as yet unknown mechanisms constitute the molecular basis of the observed upregulation of the inhibitory GABAergic system remains to be clarified in future studies. Comparing the kinetics of [ 3 H]muscimol binding and the time course of brain protection does not fit very well at first sight: at 96 hours after a tolerance-inducing 2.5-minute period of ischemia, the time point when the second ischemic insult is superimposed in our model, 10,11 enhancement of [ 3 H]muscimol binding is still present yet is no longer significant. Several other investigations also describe protection against ischemic damage by preconditioning for at least 96 hours 9 or 7 days. 31 When we examine the ratio between ligand binding to excitatory and inhibitory receptors in CA1 after a preconditioning stimulus of 2.5-minute ischemia, however, a significant shift toward binding to inhibitory receptors persists up to 96 hours ( Figure 6 ). Moreover, this shift is already present at 30 minutes after reperfusion, which may have an impact on the initiation of molecular mechanisms that confer neuroprotection.
One other study investigating postischemic [ 3 H]muscimol binding in the gerbil hippocampus after ischemic preconditioning demonstrated no significant changes in ligand binding to GABA A receptors in either hippocampal CA1 and CA3 subfields at 7 days after reperfusion. 32 Earlier time points were not analyzed. Although it cannot be excluded that this discrepancy is due to minor variations in the duration of the preconditioning ischemic period (2 versus 2.5 minutes), increased [ 3 H]muscimol binding between 8 and 48 hours after reperfusion would have been missed by these authors.
Despite severe neuronal loss in CA1 after global ischemia of 5 minutes' duration at 96 hours (Table) , [ 3 H]muscimol binding was not significantly reduced in CA1 at any time point investigated (Figures 4 and 5) . This surprising phenomenon was also observed by other groups analyzing hippocampal agonist binding to GABA A receptors after global ischemia up to 7 33, 34 or 27 days. 35 41 or benzodiazepine antagonists 42 led to a postischemic decrease in association with cell death.
As anticipated, binding to excitatory NMDA and AMPA receptors after 5 minutes of global ischemia decreased significantly in the vulnerable CA1 subfield in association with neuronal degeneration (Figures 2 and 3 (Figures 2 and 3) . These findings indicate that global ischemia also induces prolonged changes in the abundance of excitatory neurotransmitter receptors in hippocampal regions that do not undergo neuronal degeneration. 
Surprisingly, [
3 H]AMPA binding values in CA1 neurons transiently decreased 24 hours after a preconditioning ischemic period of 2.5 minutes' duration. There is experimental evidence suggesting that the high-affinity binding site of the AMPA receptor-labeled with the protocol used in the present study-becomes converted to a low-affinity binding site after insertion into the plasma membrane. 14, [43] [44] [45] Therefore, the transient increase of [ 3 H]AMPA binding most likely reflects an intracellular accumulation of AMPA receptors. There are 2 possible explanations for this phenomenon: the postischemic synthesis rate for AMPA receptors is increased, and/or receptor trafficking is altered. The former possibility seems to be relatively unlikely: immunohistochemically, protein expression of AMPA receptor subunits GluR1 and GluR2 in CA1 is not increased. 11 Alsbo and colleagues 46 demonstrated that GluR3 expression is unaltered after a preconditioning ischemic period in the rat CA1 subfield. The remaining GluR4 subunit, however, is only expressed at low levels in CA1 47 and is unlikely to contribute to the marked increase in [ 3 H]AMPA ligand binding, as observed in the present study. More attractive is the latter possibility: AMPA receptors are continuously removed from the postsynaptic plasma membrane by endocytosis, followed by reinsertion or degradation. 48 Thus, elevated [ 3 H]AMPA ligand labeling due to intracellular accumulation of AMPA receptors after preconditioning would reflect disturbances in the balance between endocytosis, reinsertion, and degradation.
In conclusion, global ischemia of both 5 and 2.5 minutes' duration causes bidirectional changes of ligand binding to excitatory versus inhibitory receptors, respectively, in the gerbil hippocampus. A reduction of [ 
